INTRODUCTION

27
Background
28
Many species currently inhabiting temperate as well as arctic environments are likely to have 29 a demographic history that includes periods of stability, followed by contraction into suitable maintaining connectivity with continental populations at lower latitudes and to the east. This 126 view, however, cannot explain the high diversity observed at the northern extent of the 127 species' range, which for temperate species should be lower than that at the core of the range 128 due to genetic founder effects (e.g. Hewitt, 1996) . A final alternative may be that a decline in 129 genetic variation and N e did occur but has not been detected, because extinct Pleistocene
130
lineages cannot be directly observed in modern sequence datasets (Brace et al., 2012) .
131
These conflicting interpretations of the mountain hare's phylogeographic history are unlikely 132 to be reconciled with modern genetic data alone, due to the similar patterns produced by contractions. Empirical data to resolve biogeographical histories of these taxa, however, 137 remain very scarce (Muster & Berendonk, 2006; Muster et al., 2009) . One solution is to 
MATERIAL AND METHODS
158
Sampling
159
We collected ancient mountain hare bones from 45 individuals sampled from 20 160 palaeontological sites across Europe (Table S1) 
DNA extraction and sequencing
169
DNA extractions from the ancient samples were conducted in the ancient DNA laboratory at 170 the Swedish Museum of Natural History, Stockholm, according to Brace et al. (2012) .
171
Briefly, 50 mg of bone powder was incubated in an EDTA buffer with urea and proteinase K 172 for 24 hours at 55 °C. The supernatants were then concentrated using Vivaspin filters before 173 mixing with PB buffer (Qiagen, Germany) and application to Qiaquick spin columns. Spin 174 columns were washed with PE buffer and then eluted with EB buffer to a final volume of 100 175 μl.
176
In order to cover the equivalent length fragments of Cytochrome B and control region as in 177 Melo-Ferreira et al. (2007) , we designed primers for five overlapping segments of each 178 mtDNA region (see Table S2 ). PCRs were performed in 25 μl volumes containing 1 × PCR 179 buffer, 0.2 μM of each primer, 200 μM dNTPs, 2.5 mM MgCl 2 , 0.1 mg/mL BSA, 0.4 Units
180
HotStar Taq DNA polymerase (Qiagen, Germany), purified water, and 2 μL of DNA extract.
181
PCR conditions were 10 min at 95 °C, followed by 55 cycles of 30 s at 94 °C, 30 s at 50 °C or 182 51 °C (dependent on primer pair specifications), 30 s at 72 °C, and a final extension of 7 min 183 at 72 °C.
184
Amplicons were purified using Exonuclease I and Shrimp Alkaline Phosphatase and 185 sequenced on an ABI3130XL at the Konrad Lorenz Institute for Ethology, Vienna.
186
Sequencing chromatograms were assembled and analysed using Geneious 5.5.4. Throughout 187 our procedures, protocols to prevent contamination and ensure accurately coded (undamaged) mtDNA were followed, including isolation of work areas, negative controls, reduced fragment 189 length amplification, and repeated PCRs and sequencing of all samples and sub-amplicons.
190
Sequence analysis and network construction
192
Ancient DNA sequence data were aligned with modern sequences from Melo-Ferreira et al. 193 (2007) , and grouped into 5 geographic regions (see Table S3 ). Three datasets were 
Phylogenetic and demographic analyses
203
We used BEAST v1.8.0 (Drummond et al., 2012) to create a dated phylogeny, based on the was employed, following the rates used in (Cheng et al., 2014) and the proportion of the two 207 mitochondrial regions in our dataset. The mutation rate is a sensitive parameter that could bias 208 demographic analyses if accurate estimates are not employed. In addition, the so called 209 temporal dependency of the mutation rate, a phenomenon whereby substitution rates are faster 210 on shorter time scales, can be a source of uncertainty (Ho, 2014) . For that reason, we assessed 211 the robustness of our conclusions by replicating the entire set of analyses with mutation rates 212 of 15.8 % (following Melo-Ferreira et al., 2007) and 50 % Myr (Drummond et al., 2012) and annotated to a maximum clade credibility tree in TreeAnnotator 223 v1.8.0 (Drummond et al., 2012) , using a burnin of 10% and a posterior probability limit of 224 0.5. Finally, FigTree v1.4.0 (Rambaut, 2012) was used to graphically edit the output.
225
BEAST v1.8.0 (Drummond et al., 2012) was also employed to analyse demographic histories 226 using the Coalescent Bayesian Skyline approach (Drummond et al., 2005) . The analysis was has been successfully applied in numerous studies, concerns have been raised that it is highly 241 subjective when applied to complex models (Templeton, 2010 (Csillery et al., 2010) .
267
We then performed three separate model-choice analyses henceforth called "old-change test",
268
"growth test", and "all-models test"; the first two were intended to obtain simple tendencies 269 while the last one aimed to infer the historical demography with improved resolution. They 270 included models that were suggested by the "random histories" and the Bayesian Skyline 271 analyses, as well as alternative models that were based on expectations from previous 272 research or associations with climatic records (Fig. 2) . The "old-change test" compared three Blockley et al. (2014) . N e 283 values were sampled uniformly in the interval 10,000-2,000,000. The mean ages of the 284 ancient samples were simulated from normal distributions to account for uncertainties in 285 stratigraphic inferences. We employed a generation time of two years and mutation rates of 7.7, 15.8 and 50% Myr -1 , as in the phylogenetic analysis, but focused on the first two after (0.0025% to 0.05%).
294
We performed additional analyses to adjust the methodology as well as to test relevant 295 hypotheses. They included: i) pilot essays for adjusting simulation scenarios, priors, and 296 summary statistics; ii) an analysis for assessing the effect of contemporary genetic 297 differentiation (initiated during the Holocene) following the geographic structure reported by
298
Hamill et al. (2006); and iii) a procedure for assessing the "temporal signal" of our sample,
299
following Firth et al. (2010) . In the last analysis, 10,000 temporally random datasets were 300 used to build null distributions that were employed for testing the significance of our 301 parameter estimates.
302
Finally, we validated our model choice methodology using pseudo observed datasets (PODs),
303
which are simulated datasets that are used as real data to obtain rates of correct and incorrect 304 model choices. One complete PODs analysis included the iteration of 500 model choice 305 procedures, treating one POD at the time as the real data. As we needed to know the rates of 306 right/wrong choices for every model, it was necessary to carry out a complete PODs analysis
307
(with its 500 replicates) with every model that was considered in a specific analysis. Then we 308 replicated that procedure for the three different model choice analyses ("old-change test",
309
"growth test", and "all-models test"), and again for the entire set of analyses of both the
310
Eurasian and European datasets, as well as for mutation rates of 7.7 % and 15.8 % Myr analyses of the 50% mutation rate since it was a poor fit with the data and was also left out of 315 the model choice analyses anyway.
316
Simulations were performed in the software BaySICS .
317
The "random histories" analyses as well as the "temporal signal test" were programed in a 49 bp to the strictly CytB dataset) and 226 bp CR (see Table S3 for an overview). All datasets 332 were aligned with modern Eurasian sequences from Melo-Ferreira et al. (2007) .
333
The most southern ancient sample from Loutra Almopias Cave in northern Greece did not but lower CytB diversity than samples with an age of around 10 k BP.
353
The temporal haplotype network for the modern and ancient CytB sequences is shown in Fig.   354 3. Three haplotypes are shared among the time periods, and the network pattern is similar in population over time (Drummond et al., 2005) . However, since the phylogeny indicated a 372 general lack of phylogeographic structure across Eurasia (see Fig. 4 ), we also performed the ample and consistent support across methods, mutation rates, and datasets (Table S5) . (Table S5) .
409
As the "random histories" failed to provide a clear picture of the demographic history of L. The statistical power for the models of the "old-change test" was moderate but rose to high 430 levels when a Bayes factor of 2.0 was used as a threshold criterion (Table S6) (Hamill et al., 2006; Suchentrunk et al., 1999) . However, the historically high 461 levels of diversity revealed in our analyses suggest that the mountain hare has maintained 462 diversity over time unlike many classic arctic/alpine specialists. Further, the results from the "all-models test" and the "random histories" analysis weakly adapted species such as collared lemmings (Palkopoulou et al., 2016; Prost et al., 2010) , true 517 lemmings (Lagerholm et al., 2014) and arctic foxes (Dalén et al., 2007) , which experienced 
526
There are aspects of the mountain hare's ecology and evolutionary history that have 527 similarities with those of temperate species. For example, its current distribution covers large 528 temperate areas in Europe and north-western Asia, similar in some respects to red squirrels 529 and water voles. It also displays high levels of diversity in the core of its range similar to 530 these and other rodents but, unlike those species, the mountain hare shows no reduction in 531 diversity towards the northern margins of its range (Alves et al., 2008; Waltari & Cook, 532 2005). This feature of its phylogeography seems to place the mountain hare in a separate 533 category compared to many modern Eurasian mammals in that it can fulfil the roles of both 534 temperate and cold-adapted species. Over long time scales, the expansion/contraction model 535 predicts that both cold-adapted and temperate species will have a reduced level of genetic 536 diversity due to bottlenecks, either during interglacials or glaciations (i.e. the effect of 537 refugia). The mountain hare appears to be an exception to this pattern, and could thus be one 538 of the few species whose mtDNA diversity is more or less in mutation/drift equilibrium. The 539 high diversity and lack of structure in the ancient concatenated networks and phylogeny ( Fig. 3 and 4) suggests large populations that were widely connected throughout the Pleistocene,
541
including earlier warm interglacials. Indeed, the present-day diversity shows that the 542 mountain hare maintains similar levels of variation and haplotype sharing across a wide 543 geographic range during the current interglacial period.
544
To find similar phylogeographic arrangements, one has to look beyond the classic 545 arctic/alpine and temperate species. A resemblance to the pattern we observe in mountain 546 hares can be seen in modern habitat generalists such as the red fox and grey wolf. Despite 547 recent population crashes due to persecution (Jansson et al., 2012) and the proliferation since 548 the Pleistocene of a previously rare haplogroup (Pilot et al., 2010) , grey wolves show a 549 relatively stable phylogeographic history throughout Europe (Vilà et al., 1999) . Similar to the 550 mountain hare haplotype network, a network constructed from ancient and modern Eurasian 551 wolf samples shows weak geographic structuring and high levels of diversity (Germonpré et 552 al., 2009) . Hunting of wolves has acted to reduce diversity somewhat in modern times, but 553 their high dispersal ability and generalist habitat requirements have acted to maintain a large 554 effective population size (Flagstad et al., 2003; Pilot et al., 2010) . Red foxes also show little 555 genetic structuring in both ancient and modern populations and a relatively stable effective 556 population size since the Pleistocene (Teacher, Thomas & Barnes, 2011) . The reason for this 557 pattern is also hypothesised to relate to the high dispersal ability and adaptability of red foxes 558 which has allowed them to thrive throughout climate oscillations and in diverse habitat zones.
559
These ancient DNA studies have indicated that dispersal and the ability of species to adapt 560 quickly are important features in shaping evolutionary histories, which together with 561 interspecific interactions create the observed phylogeographic patterns.
562
A further aspect to consider when studying phylogeography is the dynamics of co-existing hare populations in Europe (Alves et al., 2006; Kasapidis et al., 2005) . The brown hare is 567 common throughout western and central Europe whereas the mountain hare is found in 568 northern and north-eastern Europe, as well as in the Alps and British Isles (see Fig. 1 (Alves et al., 2008; Melo-Ferreira et al., 2005) , results from northern Europe show that 581 acquired mountain hare mtDNA subsequently disappears from brown hare populations when 582 there is no continuous interspecific gene flow (Thulin & Tegelström, 2002 
589
Despite some recent population declines (Jennings et al., 2006; Marboutin et al., 2003) ,
590
brown hares have thrived in landscapes modified for agriculture (Tapper & Barnes, 1986 when forest cover was more extensive than today (Birks & Birks, 2004 ). This hypothesis is 600 supported by our finding that the mountain hare has a less dramatic demographic history than 601 other cold-adapted species that conform to the classic expansion/contraction model.
602
Our results indicate that the mountain hare has shown a remarkable resilience throughout the Cave. See Table S1 for a complete list of all Late Pleistocene sites from which bone samples were retrieved. O levels over the last 130 thousand years (Blockley et al., 2014) , which is the temperature proxy that our two palaeoclimate models are directly based upon. The PCRM (palaeoclimate records model) predicts population growth during warm periods, while in the PCRM -1 (the inverse of PCRM) populations increase in size during periods of cold climate. 
